Abundances of chroococcoid cyanobacteria and heterotrophic bacteria in surface waters of the York River subcstuary covary with spring-neap tidally induced changes in the mixed-layer depth. Abundances of their principal grazers, heterotrophic protists, however, do not oscillate. A simulation model of this system using nonlinear, density-dependent functions has been developed to replicate cycles observed in the two bacterial abundances and simulate bacterial production and protistan grazing. A Jassby-Platt equation is used to determine growth rate from the mean mixed-layer light and empirically derived growth and N parameters. Changes in mixed-layer depth regulate light availability, thereby controlling cyanobacterial growth rates. The model predicts a close coupling between cyanobacterial growth and grazing during destratificd periods when cyanobacterial stocks are low.' During stratified periods, when cyanobacteria biomass values arc high, the model suggests that grazing is saturated and has little effect on cyanobacterial biomass. Grazing on heterotrophic bacteria is rarely saturated and is only loosely coupled . to heterotrophic bacteria production during destratification. The model was tested at several grazer feeding prcferenccs for cyanobacteria or heterotrophic bacteria and reproduced observed microbial biomass values most accurately when there was no initial preference. These model dynamics suggest that the heterotrophic protists fed equally well on both heterotrophic bacteria and cyanobacteria.
The elucidation of pathways in the microbial food web has produced a greater understanding of trophodynamic relationships in planktonic ecosystems (Azam et al. 1983 ). The role of heterotrophic protists as regulators of primary production by grazing is important to the functioning marine ecosystem (Fenchel 1987) . Heterotrophic protists have been shown to be primary grazers of heterotrophic bacteria and small phytoplankton, including cyanobacteria (Landry et al. 1984; Campbell and Carpenter 1986; Sanders et al. 1989) . Because hcterotrophic protists oxidize a considerable portion of the total bacterial biomass, they are also important regenerators of nutrients (Azam et al. 1983; Goldman et al. 1987a ). The heterotrophic protists may also provide a large portion of the dissolved organic matter (DOM) for heterotrophic bacterial growth through excretion and cell lysis (Hagstrom et al. 1988) .
Previous studies of material flows within the microbial food web have typically assumed steady state conditions and ignored physical forcing functions such as salinity, wind, and tides (Fenchel 1988) . These abiotic factors have been shown to affect both primary production (Haas 1977) and secondary production (Ducklow 1982) in the microbial food web. The purpose of this study is to incorporate the effects of spring-neap, tidally induced stratification and destratification (S/D) cycles into a carbon model of the microbial food web in the York River, Virginia, a subestuary of Chesapeake Bay. Particular emphasis has been placed on the role of heterotrophic protists in the trophodynamic regulation of bacterial prey stocks.
The predictable spring-neap cycling of S/D in the lower York River has been well described (Haas 1977; Hayward et al. 1982 Hayward et al. , 1986 . Both heterotrophic bacterial (Ray unpubl. data) and cyanobacterial abundances (Ray et al. 1989 ) vary in phase with S/D events. 1666
Abundance of heterotrophic protists, on the other hand, does not change with S/D events (Ray unpubl. data) . This behavior was unexpected, since these protists graze on both cyanobacteria and heterotrophic bacteria and are considered to be closely coupled to prey populations (Johnson et al. 1982; Anderson and Fenchel 1985) .
Phycocyanin-rich (PC) Synechococcus cells dominate the York River cyanobacterial assemblage (Ray et al. 1989 ). These PC-rich cyanobacteria do not have the efficient lightgathering capability of the phycoerythrin-rich cyanobacteria, and thus are more likely to be light limited (Glover 1985) . During summer S/D cycles, the cyanobacterial growth rate and, thereby, production rate, is controlled by average light in the mixed layer (Ray et al. 1989) ; the production of heterotrophic bacteria is controlled by the release rate of DOM by phototrophic and heterotrophic protists (Hagstrijm et al. 1988) . The difference between cell production and loss determines the abundance of bacteria and cyanobacteria in the mixed layer.
Our food-web model focuses on the role of heterotrophic flagellates in controlling production and loss of the picoplankton stocks during S/D events. We simulated the effect of feeding preferences of heterotrophic protists (for either cyanobacteria or heterotrophic bacteria) on population density and material flows in the microbial food web. The model shows how preference for one food item over another affects production and grazing. It also shows how protistan grazing affects the cycles in abundance of cyanobacteria and heterotrophic bacteria and how the heterotrophic protists maintain relatively constant biomass during S/D cycling.
The model
Our model builds on concepts developed by Ray et al. (1989) which related cyanobacterial abundance in the surface mixed layer to stratification and destratification events in the York River. Their model explained cyanobacterial abundances based on increased production during stratification and on dilution during destratification.
Our model extends these results and focuses on production and grazing processes of the microbial food web. Stocks of dissolved organic carbon (X,), heterotrophic bacteria (X,), cyanobacteria (X3), and heterotrophic nanoplankton (X4) were modeled with the cell carbon contents shown in Table 1 . Our model has two major parts: physical forcing functions due to the neap-spring S/D cycle and carbon flows in the surface mixed layer of the microbial food web (Fig. 1 ).
Stratification and destratification -The S/D cycle was modeled as the salinity difference between the river surface and bottom, which was simulated as the top half of a sine wave,
which had a wavelength (X) of 28 d and an amplitude (d) of 5%~ Salinity difference was used with an empirically derived equation for the York River (Hayward et al. 1986 ) to predict the mixed layer depth h: h = exp(a -base).
(2) Here a is 3.0666, b is 0.6064, and c is 0.6528.
The changes in the surface-water depth and, subsequently, in surface-water dilution with bottom water were calculated from the derivative of mixed-layer depth (h') with respect to
Biomass of the three biological stocks in bottom water were added to the surface mixed layer in proportion to advective and diffusive mixing during destratification.
The only bio- mass changes during stratification, other than those due to losses out of the mixed layer as it became shallower, were those due to diffusive mixing. We calculated changes in mixedlayer biomass of each stock (D,) by modifying the Fasham et al. (1990) mixed-layer equation with a term (XbJ for bottom-water biomass:
Diffusive mixing (m) (units m d-l) between the mixed layer and bottom waters was parameterized using the same value (0.1) as in the Fasham et al. model . We set h' to 0 during stratification so that diffusive mixing was the only source of dilution to the mixed layer during this phase of the S/D cycle. and recipient-controlled equations. We used the nomenclature of Christian and Wetzel (1978) , in which trophic interactions were represented by resource (i) and recipient (j) stock pairs. In our model, these pairs consisted of either prey (i) and predator (j) or uptake of dissolved substrate (i) by bacteria (j). Four density parameters were determined for each resource and recipient pair (Christian and Wetzel 1978) : G, is the resource density below which the resource is not available as a food source (i.e. refuge level); A, is the resource density below which uptake by the recipient is limited; Aj is the recipient density above which uptake of a resource is less than maximum (i.e. crowding); Gj is the maximum recipient density that a population can maintain when other resources are not limiting.
Biological compartments-The feeding rates
We assumed that the variations we saw in and standing stocks of the biological portion the three stocks during this summer experiof this model were based on nonlinear donorment represented the full density range of or- (Table 2) . Maximum specific rates (h",,,, or ti) (d-l) were obtained from the literature (Table 3 ). The density-dependent parameters were combined to create resource-fbj,j and recipient-controlled flj feedbacks that dampen flows of material (i.e. carbon) between each resource-recipient pair (Christian and Wetzel 1978; Wiegert and Wetzel 1979) :
The feedbacks were dimensionless and constrained between 0 and 1, with 1 indicating maximum feedback control. Other factors that dampened the flow of carbon from a particular prey to predator were a dimensionless metabolic correction factor and, in some cases, the presence of an alternate prey stock. The metabolic correction factor (C') accounted only for carbon respiration and is simply the specific rate of respiration (d-l), Ri, divided by ptnax i. Ci was incorporated into the combined feedback structure (TF,,j), which includes the effects of both the resource and the recipient stocks (Eq. 7). By including Cj in the feedback, carbon will continue to move through the recipient compartment at a basal respiration rate even when growth is constrained by density or resource limitation:
Cyanobacteria equations -The cyanobacteria differential equation (Eq. 8) was formulated as production and losses through excretion (Ex), grazing (Gr), and mixing (D). We did not include a photorespiration loss for cyanobacteria because this loss is small and not a source of nutrition for other model compartments: Ray et al. (1989) showed that in the turbid York River cyanobacterial growth was a function of available light. Therefore, rather than include terms for nutrient-controlled growth in the model, we formulated cyanobacterial production as a function of light. Average light (I,) in the surface mixed layer was determined from incident light (I,), mixed layer depth (h), and a seasonal average of the light attenuation coefficient (k) of 1.1 m-l (Ray et al. 1989 ): Bact (pg C cell I) 0.043
Hnano (pg C cell-l) 7.920
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6.000
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Hnano respiration, tr,ll (d-l) 0.400 Ray et al. 1989 . tj ' Fasham et al. 1990. Cyanobacterial growth rates, p(d-I), were es-mulated exudate production in the simplest timated from the Jassby and Platt (1976) way, by assuming that a fraction (te,) of cygrowth equation, using Z, and experimentally anobacterial carbon per day is released as disderived values for (x and pmaX3 (Ray et al. 1989): solved organic carbon (DOC) ( Table 3) .
Because biomass of cyanobacteria was constrained to a similar maximum value during each stratification event, we included a concentration cap for this stock in the form of a recipient feedback (Eq. 8).
No consistent functional relationship exists between production and exudate release (Baines and Pace 199 1). Therefore, we forPhototrophic nanoplankton -Biomass of phototrophic nanoplankton was an order of magnitude greater than the cyanobacterial biomass and was not correlated with the S/D cycle (Ray et al. 1989) . This model has no compartment for phototrophic nanoplankton, which was modeled simply as a source 0.f DOC available as a bacterial substrate. We formulated exudate from this source as a constant fraction (te.,) of 10 times the average York River cyanobacterial biomass per day.
Bacteria equation -The bacteria equation (Eq. 11) was similar to that of the cyanobacteria, but included a respiration term and did not have an excretion term. We assumed that since bacteria take up DOC, any losses would be accounted for in the assimilation term:
Bacterial production (P2) is a function of both DOC concentration and bacterial biomass. We combined the substrate and density dependence in a total feedback term as TFI,2, as shown in Eq. 12:
(12) Carbon losses from bacteria resulted from respiration and heterotrophic nanoplankton (Hnano) grazing. Respiration by bacteria was modeled in two parts: basal metabolic respiration and respiration proportional to consumption. To constrain this stock within the biomass range specified by the four densitydependent parameters required that basal respiration from the bacteria balanced the gain that resulted from the metabolic correction factor. Thus, basal respiration, the first term in Eq. 13, was a function of the size of the bacterial compartment and the recipient-controlled feedback. P2,4 and P3,4 represent the production terms resulting from feeding on these two compartments, and R, and G4 represent losses due to respiration and predation. We assumed that Hnano could not swim fast enough to overcome the effects of dilution during destratification; therefore, a mixing term was included in the formulation of Eq. 14:
Preferences -When multiple resource stocks were grazed by a single predator, we used feeding preferences to calculate the consumption of each resource. No information was available from the literature about the relative prcferences of Hnano for cyanobacteria and bacteria in estuaries. However, model results were sensitive to our choice of the preference value when the feeding preference was used directly. We therefore used a dynamic preference (Eq. 15) that is dependent on the relative biomass of the food resources (Fasham et al. 1990 ):
, _ PifvJ P-x Pjf(Jq (15) where p is the assigned preference and p' the weighted preference. The production equation (Eq. 16) for Hnano feeding on bacteria (P2,4) and cyanobacteria (P3,J contained both the total feedback, TF,,, (Eq. 7), and the weighted preference, p' (Eq. 15):
which allowed the Hnano in the model to respond to a bias in selection, to biomass of prey, and to spatial constraints.
The weighted preference was formulated so that if two prey populations were not limiting, then both flows were determined only by the rate coefficients and the preference values. However, if either of the prey became limiting cfb2,4 orfb3 4 > 0), the weighted preference for the nonlimiting resource increased (Wiegert and Wetzel 1979) By using donor-controlled feedbacks (Eq. 5) in both the total feedback (Eq. 7) and the weighted preference (Eq. 17), the properties of refuge and substrate limitation in each predator-prey pair were preserved. The production equation (Eq. 16) that incorporated both these terms was, therefore, internally consistent. Fasham et al. (1990, figure 18 ) showed theoretical contours of total grazing rate as a function of two prey densities, using Eq. 15 for the case Ofs(Xj) = Xi. A comparison of their figure with our formulation (Fig. 2) shows little difference except when one prey is nearly nonexistent and the other is relatively plentiful. At these extremes, our total grazing is higher than in the model of Fasham et Fasham et al. 1990 (---) and Wiegert and Wetzel 1979 (-) . Units are arbitrary concentration units and contours are grazing in concentration d I. the radical differences in cyanobacterial production during the S/D cycle, extremes in grazing do occur. The higher grazing pressure from our weighted preference reduced cyanobacterial biomass more rapidly than did the formulation of Fasham et al. The model generally fit observed bacterial and cyanobacterial abundances with either of the formulations when appropriate preferences were used.
Parameterizing the model-The carbon per cell and rate constants used in the model were chosen from the literature. These constants were derived from both laboratory experimentation and field measurements at many locations and were often reported as a range of values. Within these ranges of literature values, we chose optimum constant values by successively running the model and observing how well the results matched the York River observations. The importance of the parameters used in the model to the model's performance was tested by independently reducing and increasing each parameter by half of its value in individual runs of the model (Table 3 ). The effect these changes had on individual parameters was calculated with both a whole system measure of performance (the autotrophic ratio) and a measure of goodness of fit (the RMSD between each biological compartment and the York River time series data). Because the ratio of autotrophs to heterotrophs varied during the S/D cycle, we used an integrated form of the autotrophic ratio, calculated with the trapezoidal method (Eq. 18). We formulated our autotrophic ratio so that it would vary between 0 and 1, where 0 indicates a completely heterotrophic community and 1 an uncontaminated cyanobacterial community: 
For an S(A) of 1, there is one-to-one correspondence in the change in model performance, A(p), and the change in each parameter, p (Fasham et al. 1990 ).
Parameters that affected the fit of the data to the model did not necessarily affect the normalized autotrophic ratio. The model fit to data was especially sensitive to the Hnano excretion rate, the initial slope of the P to Z curve, and the diffusive mixing constant. Changes in these factors cascaded through the food web, affecting all the components equally ( Table 3) . As a result, there was no relative difference that would change the normalized autotrophic index. On the other hand, changes in the bacterial and Hnano respiration parameters affected the heterotrophic components of the food web, but not the autotrophic compartments, and were reflected in the normalized autotrophic index. Thus, within the domain of the parameters tested, those parameters that dealt with rates of the cyanobacteria growth and those with recycling potential affected the dynamics of the whole microbial system, while parameters such as respiration and loss rate of Hnano by death from metazoan grazing had no effect on other compartments of the food web. Carbon content per cell of the cyanobacteria, bacteria, and Hnano had only small effects on the sensitivity parameters.
There were no high values of normalized sensitivity parameters, indicating an absence of discontinuities in the parameter space of the model (Table 3) . Generally, a 50% change in a parameter resulted in a change of ~50% in the normalized sensitivity parameters, suggesting that the model is well posed. The RMSD of the standard case was <50% of the mean, showing that the model was also accurate.
We were initially concerned that the maximum biomass of Hnano in the York River, G4, was not the maximum attainable; Resources for Hnano were plentiful during the stratification period, but grazing by macrozooplankton, not considered in this model, could have caused some reduction in the biomass of Hnano. However, changing the Hnano loss rate over a range of 0.2-0.6 had negligible effects on the RMSD of any biological stock (Table  3) . These results suggest that either the model is robust against this type of departure from the density-dependent assumption or that G4 actually was the maximum sustainable biomass of Hnano.
We did not include the density parameters in our sensitivity test because their value is set by abundance data. We did change these parameters in separate runs to see, in a general way, how they affected the performance of the model. The parameter that changed flux rates Ai,j and Aj was sequentially increased, while the parameters that affected the maximum and minimum limits of the stocks (G, and Gj) were fixed. We noted little difference in the total integrated flux of carbon through the model during these simulations. Stock abundances, however, oscillated through a greater range as Aj values were increased.
The model was stable over simulation time periods of up to 1,000 d. In general, the model preserves the important functional relationships of size, trophic interaction, and specificity. It was written with Matlab and run on a DECstation 5000/250.
Results and discussion
The model predictions were consistent with physical and biological observations in the river (Fig. 3) . The predicted cyanobacterial biomass increased to 6 5 hg C liter -I during stratification and decreased during destratification to 15 r(Lg C liter-l. Observed biomass of carbon varied over a similar range in two of the three S/D events. A major deviation between the predicted salinity difference between the river Days since 1 January Fig. 3 . Comparison of model prediction (-) and observed data (*) from Ray et al. 1989 . Top-to-bottom salinity difference (A), cyanobacteria (B), heterotrophic bacteria (C), and heterotrophic nanoplankton (D) in surface waters of the lower York River with the initial cyanobacteria : bacteria feeding preference ratio set at 0.5 : 0.5.
surface and bottom and observed data occurred before the third stratification period in late summer (near day 240 of that year). This unpredicted stratification coincided with a significant pulse of freshwater runoff in the river (U.S. Geol. Surv. 1987) . A concomitant early increase in cyanobacteria and heterotrophic bacteria occurred with this event and continued through the predicted stratification period (Fig. 3) . There was also an initial increase in Hnano biomass during the first stratification period not simulated by the model. As discussed above, maximum Hnano biomass (G4) may be due in part to macrozooplankton grazing instead of density-dependent constraints. The trend in Hnano biomass during the first Biomass under feedback control -Hydrodynamic control of cyanobacterial biomass, acting through feeding relationships, shaped trends in biomass of heterotrophic components of microbial food webs in phase with the spring-neap tidal cycle (Fig. 3) . Cyanobacterial growth was limited by light, as the mixed-layer depth extended to 15 m during destratified periods. During stratified periods, higher average light in the shallow mixed layer stimulated cyanobacteria growth. We did not have DOC data from the York River, but we assumed that DOC released through phytoplankton and microbial food-web processes was quickly used by the heterotrophic bacteria (Hagstrom et al. 1988) . Calculated DOC release rates were low relative to the size of the bacterial stock supported by the DOC. As a result, the bacteria were always resource limited (Table 4) . Biomass of Hnano was recipient controlled during stratified periods and resource controlled during mixed periods when prey stocks were low. The source of the high Hnano recipient-controlled feedback may actually be metazoan grazing not accounted for in the model.
Multiple resource models -In successive model runs, we tested the full range of possible feeding preferences for bacteria and cyanobacteria to see how well they fit observations (Fig.  4) . Changes in the preference values had little effect on prey abundance, except in the extreme cases where preferences for the two stocks were set <O.l or >0.7. Within this range the RMSD (units, pg C liter-l) of the three biological compartments was between 50 and 70% of the in situ biomass means. When the feeding preference for bacteria or cyanobacteria was low (CO. l), the RMSD between in situ and model biomass increased. The better fit of the data to the model under intermediate preference conditions showed that grazing on both bacteria and cyanobacteria is required to explain trends in the data from the York River.
Single-resource models-We have demonstrated that the goodness of fit of the multipleresource model explains biomass trends better than single-resource models. However, we do not know if this resulted from a difference in scaling or from differences in trends in species abundance. Setting the preference for one prey item to 0 and the other to 1 resulted in a singleprey resource for the Hnano predator. These single-resource food chains could occur if either heterotrophic bacteria or cyanobacteria proved refractory to digestion or were not within the feeding size range of the predator (Fenchel 1987; Fuhrman et al. 1989) . Bacteria were the prey in our first single-resource model (Fig. 5A ). In this model there was a small increase in bacteria biomass in response to an influx of bottom-water bacteria into the mixed layer late in the stratified period. Biomass of Hnano increased slightly in response to the higher bacterial biomass.
When cyanobacteria were the only prey in the single-resource model, biomass of Hnano and cyanobacteria alternated between a production-dominated phase during stratification, in which biomass of the two stocks was high, and a typical Lotka-Volterra predator- Preference for heterotrophic bacteria Fig. 4 . Numerical expcrimcnt in which the model was run at feeding prefcrenccs increasing in steps of 0.1 for bacteria. The preference for cyanobacteria was decrement so the combined preference was always 1. RMSD (units, pg C liter-') between model results and York River observations were calculated for each iteration of the model run and plotted with cubic splint fits. prey cycle during destratification (Fig. 5B ). In the production-dominated phase, the high cyanobacterial production supported Hnano predation without a reduction in the biomass of cyanobacteria.
Consequently, maximum biomass of both cyanobacteria and Hnano cooccur. During destratification, when production was low, grazing reduced cyanobacterial biomass, generating a typical predator-prey cycle in which Hnano and cyanobacterial peaks were out of phase.
In each of the single-resource models, the bacterial or cyanobacterial compartment not used as a resource remained uniformly high during the S/D cycle (Fig. 5A, B) . As a single prey, bacteria and cyanobacteria followed the same trend of increasing biomass during stratification as they did in the multiple-prey model, except their biomasses were lower. The Hnano in the multiple-prey model (Fig. 5C ) remained constant, consistent with the York River time series data. However, in the singleprey model, there was not always sufficient prey to sustain the high biomass of Hnano, causing the predator density to vary with the S/D cycle.
Hydrodynamic regulation of the microbial food web-We have accounted for variations in the three biological stocks in this model based on patterns in cyanobacterial production and feeding relationships. How much of the dynamics of the food web is related to changes in mixed-layer depth? We know that if biomass of a biological stock remains con- stant, the integrated biomass in the mixed layer must follow the profile described by mixedlayer depth over the S/D cycle ( Fig. 64 . To keep cell biomass constant as the mixed layer deepens, the combination of production and addition of biota from the bottom water must balance advection and diffusion into the mixed layer.
Two of the biological stocks, bacteria and Hnano, have trends in depth-integrated mixedlayer biomass that are similar to the mixedlayer depth profile (Fig. 6B, C) . Bccausc the biomass of bacteria changed during the S/D cycle, its integrated biomass profile also diverged slightly from the mixed-layer profile. In the case of bacteria, bottom-water biomass was high (300 pg C liter-') and little additional growth was required to maintain biomass (Table 5). The bottom-water biomass of Hnano was not as high as the surface-water biomass. The deficit in bottom-water Hnano biomass entering the surface mixed layer was compensated for by a high Hnano growth rate during the transition between stratification and destratification.
We had only a few samples in which bottom-water Hnano were counted, so Table 5 . Effect of stratification and destratification on excretion, gross growth efficiency, respiration, and growth rate. Percent excretion shows the contribution of phytoplankton, cyanobacteria, and Hnano to total DOC flux. we cannot be sure of how well the model represents dilution of the Hnano compartment. The model predicts that a pulse in Hnano production will balance the effect of bottom-water dilution, keeping Hnano biomass constant.
Integrated cyanobacterial biomass did not follow patterns in mixed-layer depth, but instead had a maximum integrated biomass in the transition between stratification and destratification events (Fig. 6C ). This high integrated cyanobacterial biomass was caused by both an injection of bottom-water cyanobacteria and a high production rate. The production rate was not sustained as mixed-layer depth increased. Grazing rapidly depleted the integrated cyanobacterial biomass as the river became destratified. The integrated cyanobacteria biomass remained low until stratification began (Fig. 7A, B) .
The model shows that increased production at the onset of stratification did not initially result in greater cyanobacterial biomass (Fig,  7B) . Because the microbial predator had growth rates similar to that of the cyanobacteria, most of the production was consumed by Hnano. Only after bacterial production and cyanobacterial production overwhelmed the predator with prey, thereby saturating grazing, did the biomass of cyanobacteria increase.
The concept of saturated grazing at high prey densities is not new. Gallegos (1989) used the dilution method to show examples of saturated feeding kinetics. Grazing was saturated in our model at cyanobacterial abundances between 2.5 and 4.0 x lo5 cells ml-' or 28 and 46 pg C liter-'. The growth rate for cyanobacteria in the model ranged from 0.48 d-l during destratification to 1 .OO d-' during stratification. During stratification, growth and grazing were the same (0.48 d-l), with grazing ranging up to a maximum value of 0.65 d-l during stratification before becoming saturated. These values are within the range of cyanobacterial growth and grazing noted by others (Landry et al. 1984; Campbell and Carpenter 1986) .
There have been estimates of saturating grazing greater than those shown in our model. Metabolic inhibitor experiments have provided several estimates of grazing > 0.65 d-I, including one as high as 0.83 d-1 (Campbell and Carpenter 1986) . Our low grazing rates may be the result of the relatively high cyanobacterial abundances (high consumption but low turnover of cyanobacteria biomass by grazing) and the fact that the protozoan grazers were themselves grazed in our model. Gallegos (1989) showed that grazing by organisms at higher trophic levels may result in substantial reductions in the apparent growth rates of phytoplankton and, consequently, in grazing.
Heterotrophic bacterial production and grazing-There is a growing consensus that grazing and heterotrophic bacterial net production are balanced in steady state marine and freshwater systems (Sanders et al. 1989 ). When they are not, factors such as sinking, cell death, and viruses are thought to cause the difference (Sanders et al. 1989) . Our model suggests that Hnano, by switching prey resources, may cause heterotrophic bacterial production to be underused. Annual cycles of stratification and destratification may lead to close coupling of growth and consumption of heterotrophic bacteria, but short-term perturbations, such as the S/D cycle, lead to a disequilibrium between production and consumption.
Instead of the close coupling seen in the cyanobacteria stock (except during saturated grazing), there was only a weak covariance between heterotrophic bacterial net production and grazing in our model. During the stratification and destratification events, bacterial production was 30 and 60 pg C liter-' d-l, respectively. The grazing rate was generally lo-20% below bacterial production (Fig. 7A) . A review of the literature by Sanders et al. (1989) showed similar results from several production and grazing experiments in marine systems. The average of the dilution experiments of Landry et al. (1984) and Ducklow and Hill ( 198 5) , using our carbon per cell value and converting to consistent units, yields 7 1 pg C liter-' d-l production and 44 rug C liter-l d-l grazing. This model did not include the effects of allochthonous inputs of DOC, which could modify the heterotrophic bacteria production rates (Findlay et al. 199 1) .
The efect of consumption by heterotrophic nanoplankton on microbial prey stocks-To determine the relative impact of the Hnano predator on cyanobacteria and bacteria, we examined cell-specific grazing rates. The Hnano cell-specific consumption of bacteria exceeded that of cyanobacteria during destratified periods and equaled that of cyanobacteria during stratified periods (Fig. 7C) . These dynamics were a logical consequence both of the increased abundance of the bacterial and cyanobacterial stocks during stratification and of Hnano dependency on the heterotrophic bacterial stock during destratification. By increasing consumption at the same time cyanobacterial production declined, Hnano played an important role in shaping the trends in cyanobacterial abundance.
Density-dependent interactions between production and grazing-S/D events and other physical forcing events are known to affect phytoplankton community dynamics. The importance of these events in structuring grazing and growth processes is less well understood. As has been shown in this model and by experiments (Goldman et al. 1987a ), components of the microbial food web react to environmental stresses on short time scales because of their small size and their high rates of growth and consumption.
In our model, changes in feedback, caused by density-dependent processes, dampen population oscillations, similar to the way that growth and grazing can rapidly adjust to trophic level imbalances.
The model gives us a mechanism to explore the way a predator can affect prey populations. In our model, Hnano grazing was found to affect cyanobacterial production. By continually removing biomass from the prey stocks, grazing maintained the prey stock density below the maximum maintainable density. During the stratified period, this produced resource and spatial conditions that promoted high growth rates for both Hnano and cyanobacteria (Table 5 ). In the model, these dynamics were reflected in a low resource-controlled feedback for Hnano (0.0) and a low recipientcontrolled feedback for cyanobacteria (0.45) ( Table 4) . Hnano grazing also stimulated bacterial ,?roduction by returning about a third of the grazed carbon to the microbial loop as DOM through excretion and lysis.
The changes in production and grazing rates caused reciprocal changes in gross growth efficiency and respiration of the three trophic species (Table 5) . Much of the difference in these rates during stratification and destratification was caused by the changing proportions of basal to total respiration during fluctuations in abundance and production.
The predicted values of bacterial and Hnano gross growth efficiency varied within the ranges reported in several laboratory studies (Fenchel 1987; Goldman et al. 19873 ). The differences in the growth rate, respiration, and excretion shown by the model during stratification and destratification suggest a linkage between hydrodynamic processes and food-web processes that can affect not only growth and grazing rates, but the whole physiology of the organisms.
